L-Glycero-D-manno-heptopyranose is a characteristic compound of many lipopolysaccharide (LPS) core structures of Gram-negative bacteria. In Escherichia coli two heptosyltransferases, namely WaaC and WaaF, are known to transfer L-glycero-D-manno-heptopyranose to Re-LPS and Rd 2 -LPS, respectively. It had been proposed that both reactions involve ADPL-glycero-D-manno-heptose as a sugar donor; however, the structure of this nucleotide sugar had never been completely elucidated. In the present study, ADPL-glycero-D-manno-heptose was isolated from a heptosyltransferasedeficient E. coli mutant, and its structure was determined by nuclear magnetic resonance spectroscopy and matrix-assisted laser-desorption/ionization time-of-flight mass spectrometry as ADPL-glycero-β-D-manno-heptopyranose. This compound represented the sole constituent of the bacterial extract that was accepted as a sugar donor by heptosyltransferases I and II in vitro.
INTRODUCTION
In Escherichia coli, lipopolysaccharide (LPS) core region biosynthesis starts with the successive attachment of two residues of 3-deoxy-D-manno-oct-2-ulopyranosonic acid (Kdo) to a lipid A precursor molecule, namely tetra-acylated β-D-GlcpN-(1→6)-α-D-GlcpN 1,4′-bisphosphate. After complete acylation of the lipid A moiety, heptose is linked to the resulting Re-type LPS by the action of two heptosyltransferases, WaaC and WaaF. WaaC transfers the first heptose residue in α-(1→5)-linkage to the first Kdo residue, and WaaF incorporates a second heptose residue in β-(1→3)-linkage to the first heptose, resulting in the formation of Rd 1 -LPS. In Salmonella at this stage, the first hexose residue (glucose I) is attached to heptose II. Inner core assembly is completed by addition of phosphate groups to heptose I and II (WaaP and WaaY, respectively) and transfer of heptose III to O-7 of heptose II by heptosyltransferase III (WaaQ). 1 Finally, the outer core region is completed by the subsequent transfer of hexose residues.
ADPL-Glycero-D-manno-heptose was assumed to represent the physiological sugar donor for heptosylation of Re-LPS in Salmonella enterica, Shigella sonnei, and E. coli; 2 however, the biosynthesis of ADPL-glycero-D-manno-heptose is still under discussion. Eidels and Osborn proposed a four step process starting from sedoheptulose 7-phosphate, involving enzymes for: (i) isomerizing sedoheptulose 7phosphate to D-glycero-D-manno-heptose 7-phosphate; (ii) transforming D-glycero-D-manno-heptose 7-phosphate to D-glycero-D-manno-heptose 1-phosphate; (iii) coupling ADP to D-glycero-D-manno-heptose 1-phosphate; and finally (iv) epimerizing ADPD-glycero-D-manno-heptose to ADPL-glycero-D-manno-heptose. 3 Enzymes for catalyzing steps (i) and (iv) have been identified as GmhA and GmhD, respectively, and their functions have been established biochemically. 4, 5 Lately, Valvano et al. have identified a bifunctional two-domain-enzyme in E. coli, encoded by rfaE, that could be involved in the intermediate steps of ADP-heptose-biosynthesis. 6 However, although it was shown that each domain of the protein can complement corresponding mutations in E. coli and S. enterica, no biochemical investigations have been performed so far. Domain I shows considerable homology to members of the ribokinase family, leading the authors to the proposal of an alternative biosynthesis pathway for ADPL-glycero-D-manno-heptose, including the phosphorylation of Dglycero-D-manno-heptose 7-phosphate to D-glycero-Dmanno-heptose 1,7-bisphosphate yielding as final product ADPL-glycero-Dmanno-heptose 7-phosphate. 7 Despite this discussion and although several groups have been working on the isolation of ADP-heptose, its chemical structure has never been determined. Only compositional analyses were performed and separation of ADPL-glycero-D-manno-heptose and ADPD-glycero-D-manno-heptose was reported. 2, [8] [9] [10] Although it has been demonstrated that ADPD-glycero-D-manno-heptose is a substrate for ADPL-glycero-D-manno-heptose-6-epimerase (GmhD), 2,5,10 the physiological substrate for heptosyltransferases could not be determined. 11 Recently, the αand β-configured anomers of ADPDglycero-D-manno-heptose and ADPL-glycero-D-mannoheptose were chemically synthesized and tested as substrates for WaaC and WaaF of E. coli, showing that ADPL-glycero-β-D-manno-heptose is a better substrate than ADPD-glycero-β-D-manno-heptose, whereas the αconfigured anomers were inactive. 12 This paper reports a novel approach for the isolation of ADPL-glycero-D-manno-heptose from the heptosyltransferase-deficient E. coli strain WBB06, 13 and the complete structural analysis of the compound.
MATERIALS AND METHODS

Isolation of ADPL-glycero-β-D-manno-heptopyranose
Extraction of ADPL-glycero-β-D-manno-heptopyranose was carried out from heptose-deficient E. coli strain WBB06, grown in a fermentor (10 l) at 37°C in Luria-Bertani medium supplemented with tetracycline (12.5 mg/l) and 5 mM CaCl 2 , and extracted as described. 14 Briefly, cells were extracted with 50% ethanol on ice for 2 h and the precipitate was removed by centrifugation (4000 g, 4°C, 15 min). After evaporation of the ethanol, the extract was cleared by centrifugation (184,000 g, 4°C, 1 h) and subsequent filtration through 50 kDa, 5 kDa Centricon Plus 80 cartridges (3500 g, 4°C; Millipore), and 3 kDa Centriprep devices (3000 g, 4°C; Millipore). The resulting low molecular mass filtrate was free of protein, but contained the activated sugar necessary for heptose transfer and served as a standard (natural extract). In a novel approach for the isolation of ADPL-glycero-β-D-manno-heptopyranose, the natural extract was concentrated under vacuum and dialyzed against water using a double-sided Biodialyser (1.5 ml; Sialomed) and cellulose acetate membranes (MWCO 100 Da) for 2 days at 4°C. The retentate was tested for activity and further analyzed with high-performance anionexchange chromatography (HPAEC) using a CarboPac PA1 column (4 x 250 mm, Dionex) at 1 ml/min eluted first isocratically with 15% aqueous sodium acetate (1 M, pH 6.0) for 20 min, then with a linear gradient of 15-70% aqueous sodium acetate over 40 min, and finally isocratically with 100% aqueous sodium acetate for 5 min. Semipreparative HPAEC (20 mg per run) was performed on a preparative CarboPac PA1 column (9 x 250 mm, Dionex) at 4 ml/min using a gradient program of isocratically 15% aqueous ammonium acetate (1 M, pH 6.0) for 20 min, then linearly 15-70% aqueous ammonium acetate over 70 min, and finally isocratically 100% aqueous ammonium acetate for 10 min. Obtained fractions were tested for activity in the heptosyltransferase assay. Positive fractions were combined and desalted by successive lyophilization. Final purification was accomplished with ion exchange chromatography on an EconoPac High Q Cartridge (5 ml, BioRad) at 0.7 ml/min using a linear gradient of 0-1.0 M aqueous ammonium carbonate over 60 min. Positive fractions were detected at 280 nm, combined and lyophilized.
Sugar analysis
Sugar analysis of the nucleotide sugar was performed using hydrolysis (2 M HCl, 100°C, 4 h), reduction (NaBH 4 , 20-22°C, 4 h) and acetylation (acetic anhydride/pyridine 1:2, 85°C, 30 min). The resulting products were identified by gas-liquid chromatography (GLC) and GLC-mass spectrometry (MS). 15, 16 
Matrix-assisted laser desorption/ionization time-offlight mass spectrometry (MALDI-TOF-MS)
MALDI-TOF-MS analyses of isolated and synthetic ADPL-glycero-β-D-manno-heptopyranose were performed with the two-stage reflectron time-of-flight mass analyzer Bruker-Reflex III (Bruker-Franzen Analytik) in linear TOF configuration at an acceleration voltage of 20 keV. Details of the applied methods were previously reported. 17 In general, the compounds were dissolved in distilled water at a concentration of 10 µg/µl. The sample (1 µl) was mixed with 1 µl of 0.44 M 2,4,6-trihydroxyacetophenone (THAP, Aldrich) in methanol and aliquots of 0.5 µl were deposited on a metallic sample holder.
Heptosyltransferase assays and analysis of reaction products
The activity of the isolated nucleotide sugar was assayed in a one-pot reaction with Kdo transferase and heptosyltransferases I and II, WaaC and WaaF, respectively, using synthetic lipid A precursor 406 as acceptor substrate as described elsewhere. 18 Briefly, standard reaction mixtures of 20 µl contained 50 mM HEPES (pH 7.5), 10 mM MgCl 2 , 0.1% Triton X-100, 0.1 mM precursor 406, 8.1 pKat of partially purified CMP-Kdo synthetase, crude cell extract containing Kdo transferase from E. coli (30 µg protein), 2 µl of ADPL-glycero-β-Dmanno-heptopyranose-containing sample and crude cell extract (30 µg protein) containing either WaaC or WaaF, or both. The tetra-acyl lipid A precursor 406 was synthesized as described, 19 and kindly provided by S. Kusumoto (Osaka, Japan). Cell extracts containing heptosyltransferase I or II were prepared from recombinant Corynebacterium glutamicum strains R163/pJKB10 or R163/pJKB11, respectively, as described. 18, 20 Reaction mixtures were incubated at 37°C for 1 h and stopped by freezing at -20°C. To follow the activity of the isolated compound during different purification steps, 2 µl aliquots were spotted on nitrocellulose membranes. The membrane was blocked, incubated with monoclonal antibody (mAb), S36-20 or S32-2, recognizing Rd 2 -LPS and Rd 1 -LPS, 21 respectively, washed, incubated with alkaline phosphatase-conjugated antibody (Dianova), washed again and developed with nitroblue tetrazolium/ 5-bromo-4-chloro-3-indolyl-phosphate (Biomol). For immunological identification of reaction products, aliquots were spotted on silica-60 thin layer chromatography (TLC) plates (Merck) for development in a solvent mixture of chloroform/pyridine/88% formic acid/water (30:70:16:10, by vol), blotted from TLC plate onto PVDF membrane (Millipore) according to Gronow et al., 18 and detected with mAbs S36-20 or S32-2 as described above; mAbs were used as undiluted cell culture supernatants (RPMI medium, supplemented with 10% fetal calf serum).
Nuclear magnetic resonance (NMR) experiments
For structural assignment, NMR spectra were recorded on solutions of the synthetic (100 µg in 500 µl) and isolated (93 µg in 500 µl) nucleotide sugars in D 2 O with a Bruker AMX 600 spectrometer ( 1 H NMR 600.05 MHz, 13 C 150.89 MHz and 31 P NMR 242.91 MHz) using standard Bruker NMR software. Correlation spectroscopy (COSY), total correlation spectroscopy (TOCSY), heteronuclear multiple quantum coherence (HMQC), and 31 P, 1 H COSY experiments were measured at 4°C relative to internal acetone [(CH 3 ) 2 CO, δ H 2.225; δ C 31.45], and to 85% phosphoric acid (H 3 PO 4 , δ P 0), respectively. The spectra were assigned using the computer program xwinnmr (Bruker) on a Silicon Graphics workstation.
RESULTS AND DISCUSSION
Isolation and compositional analysis of ADPL-glyceroβ-D-manno-heptopyranose from E. coli strain WBB06 E. coli strain WBB06, deficient in heptosyltransferase genes waaC and waaF, was used as a source for ADPLglycero-D-manno-heptose. Three batches of cells were Physiological substrate for LPS heptosyltransferases I and II 265 Fig. 1 . Analytical HPAE chromatogram of natural extract obtained after filtration/dialysis. The analysis was performed on a CarboPac PA1 column (4 x 250 mm, Dionex Corp.) at 1 ml/min, using a gradient program of 15% aqueous sodium acetate (1 M, pH 6.0) isocratically for 20 min, then linearly to 70% over 40 min, and finally 100% isocratically for 5 min. Single fractions were collected and tested for enzymatic activity. Only fractions corresponding to the peak indicated by the arrow tested positive. grown in a fermentor with yields of (wet mass) 45 g, 43 g and 45 g, respectively. Each batch was extracted and filtered separately as described, 14 and further isolated using a novel approach that involves HPAEC and ion exchange chromatography, then combined for the subsequent dialysis step, the retentate of which yielded 510 mg substance after lyophilization. The HPAE chromatogram of this preparation is shown in Figure 1 . The crude material was further separated by preparative HPAEC. Single fractions of each run were tested in the enzymatic assay, and positive fractions were combined and re-chromatographed in HPAEC using analytical conditions. From the latter run, fractions no. 40-43 reacted positively in the enzymatic assay and appeared as a single peak in analytical HPAEC. These fractions were combined and analyzed by NMR spectroscopy which revealed the presence of significant amounts of by-products, namely AMP and a cyclic β-heptose 1,2phosphate. The latter contaminant could be removed by anion-exchange chromatography using an EconoPac High Q cartridge. After final purification, 93 µg of ADPL-glycero-D-manno-heptose were analyzed by NMR spectroscopy. GLC and GC/MS analysis of the isolate revealed the presence of adenine, ribose, L-glycero-D-manno-heptose and D-glycero-D-manno-heptose, the latter two in a molar ratio of ~12:1, respectively.
NMR spectroscopy
The structure of the isolated nucleotide sugar was compared to that of the synthetic compound by NMR spectroscopy (Fig. 2) . The experiments were performed at low temperature (4°C) due to the instability of the isolated material. The spectra revealed contamination with AMP which is thought to originate from degradation of ADPL-glycero-β-D-manno-heptopyranose during its preparation. The 1 H, 13 C (Table 1 ) and 31 P chemical shift assignments of the isolated compound are based on onedimensional 1 H-NMR spectra and two-dimensional COSY, TOCSY, 1 H, 13 2,H-3 2.8 Hz, and J H-3,H-4 9.9 Hz, and the signal at 3.267 ppm attributed to H-5 prove the β-manno ring configuration of the heptose residue. 22 Assignment of the 1 H and 13 C chemical shifts proved the presence of a terminally linked heptopyranose. All proton and carbon signals of the ribofuranose and protons of the adenine could be assigned. The substitution of the former at O-5 was proven by the downfield shift of C-5 (65.34 ppm). 22 A 1 H, 31 P-HMQC experiment revealed the presence of one diphosphodiester group, of which the signal at -13.2 ppm was attributed to the phosphate bound to O-1 of the heptopyranose and that at -11.5 ppm to the phosphate linked to O-5 of the ribofuranose.
The NMR spectrum also revealed the presence of AMP which was identified by comparison with the 1 Hand 31 P-NMR data obtained from spectra recorded on authentic AMP (Sigma; data not shown).
Taken together, the isolated nucleotide sugar is ADPLglycero-β-D-manno-heptopyranose.
MALDI-TOF-MS
Isolated as well as synthetic ADPL-glycero-β-D-mannoheptopyranose were examined with MALDI-TOF in negative reflection mode (Fig. 3 ). Both negative ion MALDI-TOF mass spectra revealed one major quasimolecular ion [M-H]at m/z 618.3 corresponding to ADPLglycero-β-D-manno-heptopyranose (calculated mass 618.4 Da). Both spectra also revealed molecular ions for [M-2H+Na]at m/z 640.2 and at m/z 640.4, respectively, and for [M-2H-heptose]at m/z 426.3.
Enzymatic in vitro assay to test different nucleotide sugars
To determine the activity of the isolated ADPL-glyceroβ-D-manno-heptopyranose, enzymatic heptose transfer was performed and reaction products were separated on TLC plates and visualized after blotting on PVDF membrane with specific mAb (Fig. 4 ). When the natural extract was employed as a source of ADPL-glycero-β-Dmanno-heptopyranose and only WaaC was present, a strong band could be detected with mAb S36-20 (recognizing Rd 2 -type LPS, Fig. 4A, lane 1) . The presence of both heptosyltransferases in the assay led to the formation of a band reacting with mAb S32-2 (recognizing Rd 1 -type LPS), indicating the transfer of a second heptose residue (Fig. 4B, lane 1) . The same results were obtained when the isolated ADPL-glycero-β-D-manno-heptopyranose was used as nucleotide sugar for transfer reactions with WaaC (Fig. 4A, lane 2) or WaaC and WaaF (Fig. 4B , lane 2) as well as with synthetic ADPL-glycero-β-D-mannoheptopyranose ( Fig. 4A,B, lane 3) . However, isolated ADPL-glycero-β-D-manno-heptopyranose that was kept at 20-22°C for 2 days (a condition under which the molecule is degraded to AMP, heptose 2-phosphate and β-heptose 1-phosphate, as revealed by a 1 H-NMR spectrum [not shown]) or authentic AMP (Sigma) gave no positive signal with either monoclonal antibody when used instead of ADPL-glycero-β-D-manno-heptopyranose in the test (Fig.  4A, B, lanes 4 & 5) .
In summary, ADPL-glycero-β-D-manno-heptopyranose was found to represent the sole physiological sugar donor for heptosyltransferases I and II from E. coli. Since only the β-configured nucleotide sugar can serve as a substrate for WaaC and WaaF, 12 both heptosyltransferases follow an inverting catalytic mechanism resulting in α-linked glycosidic bonds in the LPS. Such a mechanism is also discussed in the case of the Kdotransferase of E. coli that uses CMPβ-Kdo as substrate and furnishes α-linked Kdo residues in the inner core region of LPS. 23 So far, not enough knowledge has been accumulated about this class of enzymes to formulate a reaction mechanism. 24 Our results are in accordance with Physiological substrate for LPS heptosyltransferases I and II 267 the pathway suggested by Eidels and Osborn, 3 but do not support the proposal of an alternative biosynthesis pathway for ADPL-glycero-D-manno-heptose that includes as final product ADPL-glycero-D-manno-heptose 7-phosphate. 6 Several questions still remain to be answered:
1. Is ADPL-glycero-β-D-manno-heptopyranose also the substrate for heptosyltransferase III (WaaQ) acting later during core biosynthesis? WaaQ is known to incorporate a third L,D-heptose residue in an α-(1→7)-linkage to heptose II in many bacteria; however, to date only knockout mutants have been examined and no biochemical data are available. 1 2. How is the incorporation of D,D-heptose achieved? In certain bacteria, D-glycero-β-D-manno-heptopyranose is included in the LPS core at defined positions (e.g.
268 Gronow, Oertelt, Ervelä et al. Klebsiella pneumoniae, Yersinia enterocolitica). 25 Since known heptosyltransferases are monofunctional enzymes, one can assume that specific transferases accomplish the reaction. The regulation of this process is interesting to investigate, and it is necessary to include in this study different heptosyltransferases from a variety of organisms.
